Clinching is an attractive joining method as one of alternatives meeting the recent significant demand for joining low-weldability materials and dissimilar materials. Because it has many advantages in terms of productivity, cost, recyclability, and no requirements for specific surface conditions of materials. However, application of clinching is restricted by its low joint-strength and the difficulty to join low-ductile materials. Hence, to overcome this problem, we developed a novel clinching process in which ultrasonic vibrations were applied perpendicularly to the materials by the clinching tools. In this paper, the effects of ultrasonic assists on clinching for aluminum sheets in two types of vibration modes were investigated. In one mode, work pieces were located on the maximum-displacement-amplitude position, and in the other mode, materials were located on the maximum-stress-amplitude position. As the results, the application of ultrasonic vibrations in the maximum-displacement-amplitude mode showed no prospective results. Because the applicable vibration amplitudes were restricted by generation of cracks due to the high-cycle bending load. On the other hand, the application of ultrasonic vibrations in the maximum-stress-amplitude mode showed unique vortical flows in the applied material. These vortical flows led to a stirring phenomenon in the material, and the aluminum sheets were unified. Due to the unification by the stirring phenomenon, the cross-tensile strength was increased up to 60 % and the joining pressure was reduced up to 80 %. And a grain refinement effect was also observed. Finally we discussed about the potentials of the stirring phenomenon for joining dissimilar materials and a new grain-size refinement method.
Introduction
To improve the fuel efficiency, safety, and driving performance of transportation devices, such as automobiles, the materials currently used for making these devices need to be replaced with lighter, stronger, or tougher materials, e.g., aluminum, magnesium, titanium, and high-strength steel (1) . Moreover, to utilize the properties of different materials, dissimilar materials need to be combined. However, there are certain problems associated with the welding of most of these prospective materials and dissimilar materials. Therefore, joining methods for low-weldability materials and dissimilar materials need to be developed. Solid-state welding processes, e.g., friction stir welding, ultrasonic welding, and electro-magnetic welding, have attracted considerable attention as prospective joining methods to meet the abovementioned demands (2) . These solid-state welding processes have a common joining principle, i.e., inclusions between the joined materials that obstruct adhesion are mechanically eliminated to generate a metallic-bonded interface in the solid-state welding processes. Because they go through no melting process, the generation of brittle intermetallic elements at the joined interface, grain coarsening, residual stress, and defects related to liquation and solidification can be avoided in solid-state welding (3) .
Friction stir welding has already become popular as a solid-state joining method for aluminum panel parts (4) (5) , and ultrasonic welding is popular for electric parts (6) . Moreover, many studies have discussed the possibilities of welding dissimilar materials by solid-state welding (7) (8) (9) . However, solid-state welding processes have problems that need to be solved in order to be applicable to a wide range of materials and scales. For example, problems related to friction stir welding include the difficulty to join thin sheets (8) and a short tool life when applied to hard materials (9) , and problems related to ultrasonic welding include the difficulty to join large parts because of exceptional resonance (12) .
As a mechanical fastening method for sheet metals, clinching is also a remarkable joining method for low-weldability materials and dissimilar materials (13) . In the process of clinching, a pair of lapped sheet metals is pressed by a couple of specially shaped tools; the punch and the die form an interlock between the upper sheet and the lower sheet. Clinching has many advantages in terms of productivity, cost, dynamic strength, environmental friendliness, and the no requirements for specific surface conditions of materials because of its simple principle (14) (15) (16) (17) . Although the range of today's applications of clinching is restricted by the limitations of joint strength and requirements for the high formability of joined materials (18) (19) (20) , clinching can be the most suitable joining method in the future if the joint strength and the adaptation to low-formability materials are improved.
To improve the joint strength, some researchers have focused on the geometrical optimization of clinching tools (21) (22) (23) . On the other hand, we have considered the metallic interactions between work pieces. A previous study demonstrated that an increase in the frictional force between the interfaces of the work pieces drastically improved the joint strength of clinching (24) . This result assures us that a further increase in the joint strength can be obtained by combining clinching with a solid-state joining process in order to generate a metallic-bonded interface. As a method to realize a combination of clinching and solid-state welding, we focused on ultrasonic welding. Ultrasonic welding is the most suitable of the existing methods because it can achieve solid-state welding without requiring any significant changes in the clinching system due to the remotely delivered driving force for mechanical elimination and the flexibility of the vibrational transmission design. Moreover, besides the joint strength, other effects of the application of ultrasonic vibrations can be expected. These prospective effects differ depending on the mode of the applied ultrasonic vibrations; therefore, we have presented a detailed explanation of these prospective effects in the following sections. In this study, ultrasonic vibrations were applied to clinching tools in two types of vibration modes. First, we considered the mechanism of a new clinching method in order to apply the ultrasonic vibrations in an efficient manner. Then, we investigated the effects of the application of the two vibration modes on the joint strength, cross-sectional shape, and the interfacial surface individually. This paper contains five sections. The first section presents the background of this study. The concepts and the proposed effects of ultrasonic-assisted clinching are discussed in the second section. The results and discussions are presented in the third and the fourth section, respectively; these results and discussions are separately addressed according to the applied vibration mode. Finally, the conclusions are stated in the last section.
A novel clinching mechanisms and vibration systems to introduce ultrasonic vibrations
From many possible vibrating directions, we selected a direction parallel to the clinching tools as the direction of the applied ultrasonic vibrations. When one designs the mechanisms to introduce ultrasonic vibrations, it is important to consider the introduction of the ultrasonic vibrations because the effects of ultrasonic vibrations differ significantly depending on the applied directions and the vibrating modes. Further, vibration systems that are necessary to generate the vibrations, to propagate the vibrations into the targets, and to maintain the resonant mode often become geometric obstacles in the practical applications. The parallel application of ultrasonic vibrations is the only way to keep the vibrating conditions constant independently of the size, shape, and position of the joined component. Because the area of the vibrated work pieces can be restricted by holding the equipment; doing so should avoid the propagation of vibrations into the entire joined component. Further, the vibrating systems for the parallel application can be located directly on the extensions of the axis of the clinching tools. Therefore the problem of geometrical obstruction which could become a critical problem when we consider the utility of the joining methods can be avoided. However, the parallel application is challenging because all existing ultrasonic welding process use parallel vibrating direction to "joint interfaces". We ventured this challenge based on the idea mentioned below, prioritizing the utility of proposed method. Figure 1 shows the proposed clinching mechanism to introduce ultrasonic vibrations. A specifically shaped die, used for normal clinching, is separated into a ring-shaped die and a counterpunch. In this clinching process, first, the die and the stripper hold the work pieces, and the punch and the counterpunch start to vibrate the work pieces. Next, the punch and the counterpunch press the nipped material into the die during the vibration. Finally, the movement of the counterpunch stops, while the punch is pressed farther to upset the work pieces and form an interlocking shape.
We applied two types of vibration modes in this new clinching mechanism. In one of these modes, the work pieces were located at the maximum-displacement-amplitude position (anti-node), and in the other, the materials were located at the maximum-stress-amplitude position (node). Here, the former vibration mode is called the maximum-displacement-amplitude mode, and the latter is called the maximum-stress-amplitude mode. Figure 2 shows the distribution of the stress and the displacement amplitude in the vibrating systems used for driving the tools. In the maximum-stress-amplitude mode, vibrations propagate from the horns to the work pieces while transforming the phase vibrations by 90° in contrast to the maximum-displacement-amplitude mode. In principle, this vibration system can maintain its resonance vibrating mode. However no study reports that a vibrating system containing a vibrating body which is constructed from several parts can maintain its resonance mode. Therefore, this challenge to construct a vibrating body from several parts, a punch, work pieces and a counter punch, itself is valuable.
The expected effects of these applications of ultrasonic vibrations differ depending on the applied vibration mode. In the maximum-displacement-amplitude mode, perpendicular displacements to the interfaces of the work pieces were expected to be transformed into parallel mutual displacements to the interfaces of the work pieces. These transformed mutual displacements were expected to generate a metallic bond between the work pieces on the basis of the same principle as that of conventional ultrasonic welding. On the other hand, in the maximum-stress-amplitude mode, an improvement in the material formability, reduction in the static loads, and the degreasing effect caused by the heating-up of materials were expected on the basis of the results of the past studies (25) . These effects are also valuable from the perspective of solving the problems related to clinching, e.g., the requirement of the high formability of materials. Moreover, we can reveal unknown phenomena through this unprecedented experiment to investigate the effects of ultrasonic vibrations in the maximum-stress-amplitude mode on the interfacial surfaces. Figure 3 shows the die set used to keep the vibration systems in the right position and to move these systems precisely. The die plate holding the die is fixed to the die holder. The stripper plate and the counterpunch plate are compressed onto the work pieces by stripper springs at 6.3 kN and counterpunch springs at 2.0 kN, respectively. The punch load and the counterpunch load were measured by each load cell, and the displacement of the punch was measured by a displacement gauge placed between the punch plate and the die plate.As the ultrasonic transducer, D4520 PCTHFC (20 kHz, max. 3000 W, 16 µm from NGK Spark Plug Co., Ltd) was selected; the entire vibration system was designed to vibrate at 20 kHz by applying the resonance-condition equation for three-step hones (3) . An FEM method analysis software ANSYS was used for confirming the resonance condition of the designed vibration system. The amplitude magnification ratios of the horns were four. The ultrasonic transducer was driven by an ultrasonic generator NONK USSD 15-40. This generator can drive a transducer while automatically tracking the resonance condition at a constant vibration amplitude by the phase lock loop method. Figure 4 shows the geometries of the tools. The tops of the tools were designed to form the same shape as the normal clinch joints for 1-mm aluminum sheets. The punch and the counterpunch were attached to each hone by screws. A5182 -O sheets with a thickness of 1 mm were cut into 75 mm × 25 mm specimens and degreased by acetone in an ultrasonic bath. For the first step of the experiments, a vibrating condition which generates the highest adhesion force without any cracks was investigated as the optimal vibrating condition. Since once we failed to join by creation of cracks on the lower specimen as shown in figure  5 (a) because of the excess amplitude of ultrasonic vibrations. To investigate the optimal vibrating condition, pairs of lapped specimens were joined partially by pushing the punch 2.0 mm under various vibrating conditions. Then, the cross-tensile strength of these joints was compared. No interlocks are created in the joints by this partially joining test as shown in figure 6 (a) ; therefore, the results of these cross-tensile tests purely shows the difference of the adhesion force between two work pieces generated by ultrasonic vibrations.
Experimental (maximum-displacement-amplitude position)
Second, the specimens were joined completely by pushing the punch 3.0 mm under the optimal vibrating condition and the neighboring vibrating conditions. Both the degreased specimens and the oiled specimens were joined. Finally, the peeling forces were measured by cross-tensile tests. Figure 6 (b) shows the cross-sectional shape of the completely clinched joint by pushing the punch 3.0 mm without ultrasonic assists. It was confirmed that our novel clinching apparatus generated the same cross-sectional shape as that of conventional clinching tools do. Fracture surfaces were observed by the SEM. The punch pressure and the peeling strength were calculated as the punch load and the peeling force divided by the area of the punch top (φ 5.8 mm) and the peeling load divided by the area of the projection of the joint (φ 8.5 mm), respectively. 
Results and discussion (maximum-displacement-amplitude position)
First, we present the results of the optimization of the vibrating conditions. Figure 7 shows the relationship between the vibration amplitude, application times, crack severity, and peeling strength. This result showed a relatively large amplitude and a long application that led to a high peeling strength and a high severity of cracks; therefore, we finally selected 44 µm as the optimal amplitude and 1.6 mm･s -1 as the optimal punch speed.
Although the partial joints had no mechanical interlocking, as shown in figure 6 (a) , the peeling strength of the partial joints reached 50% of the peeling strength of a normal clinched joint. Next, we present the effects of the ultrasonic vibrations on the completely joined specimens by pushing the punch 3.0 mm under the optimal vibrating condition.. As seen in figure 5 (b) , no cracks were observed on the joint under the optimal condition as opposed to under excessive conditions. As shown in figure 8 , up to 20% of reduction in the punch pressure was obtained. The input power-punch stroke curve in this diagram shows that the punch could not vibrate in the prospective vibrating condition farther than 2.2 mm of the punch stroke because the vibration property of the work piece changed in accordance 
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Vol. 5, No. 12, 2011 with the deformation and exceeded the capability of tracking the resonant condition at this punch stroke. The results of the peeling tests are shown in Figure 9 . The ultrasonic vibrations led to an increase of 30% in the peeling strength under the degrease conditions and of 13% in the peeling strength under the oiled conditions. To observe the joint interfaces, the joints were separated in the way shown in figure 10 . Figure 11 shows the SEM images of the joint interfaces. The peeled inter-surfaces from the ultrasonic-assisted joints showed no dimples typically observed in the fracture surfaces of ductile materials; but such complex imprints which are supposed to be made by a flattening of a lot of projections. On the other hand, the peeled inter-surfaces from a joint without an ultrasonic assist showed only simple scratched surfaces. Such flattening and scratches are supposed to be caused by the sliding of the upper and the lower work pieces during clinching process. Figure 11 (c) shows an inter-surface peeled from an earlier step of a joint (pushing the punch in by 0.25 mm with the ultrasonic assist). On this surface, some shearing lips that were a result of the ductile deformation were found, but this surface texture was considerably different from the typical fracture surface obtained by ultrasonic welding from the point of porosity. The joint interfaces shown in figure 11 (a) was supposed to be created by flatten of these shearing lips and voids. This means that the adhesion force created in the beginning of the joining process did not contribute efficiently to final peeling strength of the clinched joint since the metallic-bonded interface created in the beginning was separated according to the pushing of the punch due to the slide of upper and lower sheets.
To discuss about the creation mechanism of above mentioned the porous surface, we estimated the contact pressure between the work pieces through the FEM analyses. In the FEM analyses, six measuring points of the pressure were set on the lower sheet at intervals of 0.5 mm from 0.3 mm to 5.5 mm in the distance from the tool axis. The vibration of the punch was assumed to be repetition of the following movement; 0.2 mm of the pushing-in Fig. 8 Relationship between punch pressure, inputted power and punch stroke Figure 12 shows the transition of the contact pressure of each measuring point over time. Consequently, the contacting pressure of every measurement point went down to zero after every pushing step. In other words, upper and lower sheets were separated every vibrating cycle. Here we supposed a following creation mechanism of the porous surfaces based on these temporary separations. I.e., these temporary separations of the interfaces caused the re-oxidation of the joint interface. In the normal ultrasonic welding process, original oxide films of the materials are stirred, dispersed and finally diffused into base materials. The voids between oxide films of two materials also disappear according to this diffusion process of the oxide films. On the other hand, in the ultrasonic assisted clinching process, original oxide films of the materials were also stirred and dispersed into the base materials. But the supply of the oxides into the base materials continued through the whole vibrating time because of the re-oxidation; therefore, supply of the oxides exceed the diffusion capacity in this states of the materials and the voids between oxides films also remained in the base materials. And these voids in base materials should be the origin of the porous surface.
Based on above results, we concluded that the assist of the applied ultrasonic vibrations in the maximum-displacement-amplitude position was insufficient to obtain a sufficient effect on the state of adhesion between the work pieces, especially for the oiled surface conditions.
Experimental (maximum-stress-amplitude mode)
In this section, we will explain the experimental setup for the application of ultrasonic vibrations in the maximum-stress-amplitude mode. We modified the same die set used in the experiment for the maximum-displacement mode as shown in figure13. This time, we take the movable system of counterpunch away because the vibrating system was vibrated after the punch load reached a certain value. Most of the time, this load was larger than the counterpunch spring load; therefore, it was not necessary to press the counterpunch onto the work pieces by the pressure springs in advance. As the ultrasonic transducer, D4427PC (27 kHz, max. 700 W, 7 µm from NGK Spark Plug Co., Ltd) was selected. Therefore, the entire vibration system was designed to vibrate at 27 kHz. The amplitude magnification ratios of the hones were both five. The ultrasonic transducer was driven by the ultrasonic generator NONK USSD 15-40. Figure 14 shows the geometries of the tools. These tools were designed by a numerical experiment through the FEM method analysis. The punch, the work pieces, and the counter punch were united, and their parameters were adjusted to correspond to those of the fundamental vibrational mode of 27 kHz. Figure 14 shows the stress distributions of this combination. The stress in the tools reached 507 MPa when the flat end of the punch was vibrated at an amplitude of 9 µm. The size of the joint-forming area was reduced to half of that of the former tools used in the maximum-displacement mode to increase the stress concentration. We also used the former-size tools, but an efficient result was not obtained; therefore, we decided to reduce the tool size. The material for the specimens also changed to 0.5-mm A1050-H22 sheets. The counterpunch and the punch were not connected to the hones by connecting parts such as screws so as to avoid a fracture of these parts when the tools vibrate at an undesired vibrational mode. The specimens were degreased by acetone in an ultrasonic bath, and machine oil was applied before the joining test. The speed of the punch movement was 50 µm･s -1 . The punch pressure and the peeling strength were calculated from the punch load and the peeling force, divided by the area of the punch end (φ 2.9 mm) and the area of the projection of the joint (φ 4.25 mm), respectively. In general, all parts consisting of an ultrasonic vibrating system are connected and are made into integral parts because the propagation of tensile stress is necessary to maintain the resonant state. However, for our vibrating system, the separability of the tools and the work pieces is necessary. Therefore, the tools and the work pieces should be integrated only by the static load from the press machine. Further, the dynamic load from the ultrasonic vibrations should not exceed the static load to vibrate this vibrating system in the resonant state. At the same time, the dynamic load from the ultrasonic vibrations should be as large as possible to obtain a sufficient effect. Therefore, the amplitude of the applied vibration along with the punch displacement was continuously adjusted during the clinching process. The relationship between the punch displacement and the optimal amplitude of the ultrasonic vibrations was obtained by using an experimental technique. Figure 16 shows the relationship between the punch stroke and the punch pressure with an ultrasonic assist, without an ultrasonic assist, with an introduced dynamic load, the summation of the calculated dynamic pressure, and the static pressure of ultrasonic-assisted cinching. The dynamic pressure was calculated on the basis of the results of the FEM analyses and the applied vibration amplitude. The static punch pressure with an ultrasonic assist was reduced to 20% of the pressure without the ultrasonic assist. The summation of the calculated dynamic pressure and the static pressure of the ultrasonic-assisted cinching were closely related. This comparison would help to understand the effect of the ultrasonic stress vibrations, but it may be best to avoid reaching a conclusion from this result because of the low reliability of the calculation of the dynamic pressure in this study. Figure 17 (a) shows the cross section of the joint without the ultrasonic assist, and figures 17(b) ~ 17(e) show the joints with the ultrasonic assist (insert square of figure 17(a) showing the observation area). These four joints were joined under the same vibrating conditions as shown in figure 16 , but we changed the stopping depth of the punch insertion to investigate the conversion of cross-sectional shape. The surfaces of these cross-sectional samples were etched by using a sodium hydrogen solution to visualize the aluminum oxide which contained in the joint interface. Normally, the joint interfaces are clear and smooth. In contrast, the joint interfaces of the ultrasonic-assisted clinch were unclear and complexly curved. This lack of clarity and the complexity increased along with the progression of the clinching process. Finally, the joint interface in the bottom area disappeared. Figure 18 shows the results of the cross-tensile tests, and figure 19 shows the cross sections of the joint fractured by the cross-tensile tests. The effect of the ultrasonic assist on the improvement of the peeling strength reached a value more than 60%; this appeared dominantly in the small bottom-thickness area. The fracture modes were roughly divided into two types shown in Figs. 19(a) and 19(b) . The joints whose strength was more than 10 MPa fractured in mode (b), and most of the other joints fractured in mode (a), because the fractured point changed depending on the wellness of the adhesion around the fractured point. In the determination of the fracture point, the wellness of the adhesion around the swelling up of the lower work piece shown in figure 17(d) was a critical factor. In this experiment, joints that had a bottom thickness of less than 0.3 mm generated good adhesion around the outside of the swelling. This implies that the adhesion force of the joint surface around the swelling of these joints was sufficiently high to resist a fracture through this joint surface. 
Results and discussion (maximum-stress-amplitude mode)
Next, to observe the material flow more clearly, seven sheets of 0.15-mm A1050-O were stacked and clinched with an ultrasonic assist. The cross sections of this seven-layered joint showed an unaccountable material flow, as observed in figure 20 . It can be seen in these micrographs that a vortex-like flow was generated near the edge of the punch, and the degree of the vortex increased with the progression of the clinching process. This vortex flow stirred the material and finally unified the work pieces. The joints of this method were not mechanical joints any more, but solid-state joints. Thus, we succeeded in developing a new solid-state joining method using ultrasonic vibrations in the maximum stressamplitude mode.
This vortex flow promises not only the stirring effect but also the grain refinement effect. Figure 21 shows the cross-sectional microstructure of clinching with and without an ultrasonic assist. To observe the conversion of grain size, A1050-O was selected as the joined material, and the surface of these cross-sectional samples were electrolytically etched using hydrochloric acid fluoroborate. Grains of the non-ultrasonic-assisted clinching were only stretched perpendicularly in the axial direction of the tools. On the other hand, grains of the ultrasonic-assisted clinch were highly refined. Figure 22 shows the fractured boundary surface obtained from a joint (bottom thickness: 0.4 mm) with an ultrasonic assist. The appearance of this fractured joint (observing upper-sheet part from lower sheet side) is shown in the insert and a disk-like flake of the lower-sheet part was still remained on the upper part. In the area in which the bottom thicknesses of the joints were relatively large, this type of fracture was sometimes observed. We observed the valley between the upper parts and the flake of lower parts by SEM. Typical dimples usually observed on ductile fracture surfaces were observed. This result showed that the area where the vortex flow was not generated also adhered well.
Based on above results, we concluded that the assist of the applied ultrasonic vibrations in the maximum-stress-amplitude position was sufficient to obtain a sufficient effect on the state of adhesion between the work pieces, even for the oiled surface conditions. Moreover, the stirring phenomenon of the material by this method is remarkable phenomenon because it has possibility to produce a new joining method, a new grain refinement process and a new material manufacturing technology.
Conclusions
To develop a novel joining process that is suitable for low-weldability materials and a combination of dissimilar materials, ultrasonic vibrations were applied during a clinching process for aluminum sheets in two types of ultrasonic vibration modes: the maximum-displacement-amplitude mode and the maximum-stress-amplitude mode.
Consequently, the application of ultrasonic vibrations in the maximum-displacement-amplitude mode improved the joint strength in a degreased condition; however, the amplitude of the applied ultrasonic vibrations was restricted because of crack generation.
On the other hand, the application of ultrasonic vibrations in the maximum-stress-amplitude mode generated a vortex flow, and this vortex flow led to a stirring effect. Because of this stirring effect, the joint interfaces vanished, thereby; leading to the metallic adhesion and 60% improvement in the joint strength was obtained. This stirring effect promises to produce more advanced joining methods and grain refinement methods.
